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Nonlinear conduction (NLC) of the two-leg spin ladder, Sri4_a;Caa;Cu24 04i , was investigated for 
the a;=0, 1 and 12 materials . Although insulating materials (a;=0 and 1) exibited the NLC both in 
the ladder- and rung directions, the NLC in the ladder direction of the a;=0-material was found to be 
very special. We considered this to be due to the sliding motion of the charge ordered state, which 
was responsible for the resonance at microwave frequencies. We discussed possible candidates for 
the charge ordered state responsible for the NLC, including Wigner crystal in quasi one dimension 
(4fcF-CDW). 



Sri4_a;Caa;Cu2404i (SCCO) has two kinds of quasi 
one-dimensional structures constructed from Cu and 
00. One is the Cu02 chain and the other is the CU2O3 
ladder, which can be regarded as the one-dimensional 
offshoot of the two-dimensional Cu02 planes. Thus, this 
material has been thought to be a good reference for 
high- Tc cuprate superconductors, where the square Cu02 
plane is essential for high- Tc superconductivity. Dagotto 
and Rice'^ predicted that carrier doping into such a 
ladder structure of a strongly correlated system leads 
to superconductivity, through a mechanism which they 
thought was similar to that of high- Tc superconductivity 
in quasi two-dimensional cuprates. In fact, superconduc- 
tivity was realized under high pressure in a material heav- 
ily doped by Ca'^. According to an optical study [i], the 
role of Ca substitution, which does not change the for- 
mal valence of Cu, was thought to transfer holes from the 
chain to the ladder. Thus, the superconductivity in this 
system is considered to be realized when the quasi one- 
dimensiona,lity of holes on the ladder becomes sufficiently 
weakened 

The opposite limiting case of low hole concentration is 
also interesting. The c-axis (ladder-direction) dc con- 
ductivity of the parent material, Sri4Cu2404i (SCO), 
is insulating with an activation gap of ~ 2000 K^6i at 
least below 300 K. An NMR/NQR measurement sug- 
gested the occurrence of some charge order below 150 
K0. A recent study of the microwave electrical conduc- 
tivity found a dramatic increase of conductivity below ^ 
170 K0. Detailed study of the frequency dependence 
of the conductivity showed a small but sharp resonance 
around 50 GHz (~ 2.4 K) in this temperature region. 
Since the peak frequency is much smaller than the ther- 
mal energy per carrier, this strongly suggested the reso- 
nance of some collective charge excitation, similar to the 
pinned phase mode of charge-density wave (CDW) sys- 
tems and spin-density wave (SDW) system in quasi-one 



dimensional materials It also reported a definite non- 
linear electrical conduction as a function of electric field 
in a rather weak field region. Quite recently, a similar 
NLC was also observed by Gorshunov et al^^ . This NLC 
also suggested the collective nature of the phenomena. 
These phenomena are quite reminiscent of those estab- 
lished in the CDW systems. However, a very small oscil- 
lator strength of the collective resonance in SCO showed 
a serious discrepancy in quantitative aspects of the inter- 
pretation as being a resonance of the pinned CDW. Thus, 
it has been suggested that the collective mode found in 
SCO might be a mode characteristic of a strongly corre- 
lated system. 

To investigate the details of this collective mode, we 
have studied the nonlinear conduction as a function of 
dc electric field at various temperatures, in samples with 
different carrier concentrations, and along different direc- 
tions of the crystal. We found the nonlinear conduction 
to be present in almost all experiments (samples, tem- 
peratures, directions). However, the nonlinear conduc- 
tion found in the c-direction of SCO was very different 
from all other results. Thus, we conclude that the col- 
lective mode has a quasi one-dimensional nature, and 
is characteristic of samples with low hole concentration. 
We discussed possible candidates for the charge ordered 
state resp onsible for the NLC, including Wigner crystal 
(WC)|ll| in quasi one dimension (4fci?-CDW). 

Crystals were prepared by the traveling-solvent- 
floating-zone methodjQ. For electrical conductivity mea- 
surement, small pieces were cut from the boul, with typ- 
ical dimensions of 3 x 1 x 0.5 mm'^. The longest di- 
mension was in the c-axis. Electrical contacts were made 
by evaporating silver on the sample, above which electri- 
cal leads were attached by EPOTEK-H20E silver paste. 
Post annealing under an oxygen flow atmosphere at 200 
degrees centigrade decreased the contact resistance re- 
markably. Typical contact resistance was lO'* at 100 K 
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(a;=0), which was about 20 % of the intrinsic resistance 
of the sample. So, it is important to check the ohmic 
nature of the electrical contact, which was confirmed in 
each measurement. The electrical conductivity was mea- 
sured by four-probe methods. To avoid the temperature 
rise due to Joule heating, short rectangular pulses gen- 
erated by an HP8116A pulse function generator, ampli- 
fied by an NF4105 amplifier, were applied to the sam- 
ple, and the response was measured by an SRS-SR250 
boxcar averager or a TDS420A digital oscilloscope. For 
both cases, an NF5305 differential preamplifier was used 
if necessary. By repeating the measurements for pulses 
with different repetition rates (10~1 kHz), duty cycles 
(1/10 - 1/1000), and widths (5~ 500 ^lsec), we checked 
whether or not any changes in conductivity were due to 
the simple Joule heating effects. At weak electric fields, a 
conventional lock-in technique was also used for the dif- 
ferential conductivity measurement. For measurements 
at various temperatures, an Oxford He- flow type cryo- 
stat was used. To avoid the direct contact of the sample 
with flowing gas, we fabricated the modified insert. By 
using this insert, temperature stability of about 50 mK 
was achieved throughout the measurements. 

Figure^shows the low-field conductivity, ctq, as a func- 
tion of inverse temperature for several different carrier 
concentrations. Except for the x=12 sample, the mate- 
rials are insulating with similar activation energies of ~ 
2500 K and 1400 K above and below 160 K, respectively. 
FigureHlshows the chordal conductivity, tr, of SCO in the 
two different directions (ladder(c-axis) and rung(a-axis)) 
as a function of electric field for various temperatures. 
In the inset, the differential conductivity, a 
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also shown for comparison. All the data in this figure 
were normalized by the ohmic conductivity, ctoi at each 
temperature. In both directions, we observed nonlinear- 
ity in the conductivity as a function of electric field. As 
we already reported previously, the c-axis conductivity 
increases with increasing field. However, the amount of 
the conductivity increase is very small (at most 3 % of 
the ohmic value at 10 V/cm). On the other hand, in the 
a-direction (rung direction), the conductivity increase is 
rather distinct. At the lowest temperature measured 
100 K), the conductivity increase is more than 17 % of 
the low field value. 

First, we concentrate on the c-axis conductivity. Al- 
though it is hard to define a definite threshold field for 
the onset of nonlinearity, the nonlinearity seems to start 
between 0.1 V/cm and 2 V/cm, as shown in the inset 
of Fig. 131 To be quantitative, we define a characteristic 
field, Eq, for the onset of NLC as the intersection of two 
extrapolated straight lines in the differential conductivity 
data, as shown in the inset of Fig. |2| In the main panel 
of Fig. 13 Eq was displayed as a function of temperature. 
Eq was found not to depend very greatly on tempera- 
ture. The conductivity normalized by the ohmic value 
at each temperature, (To(r), was found not to depend 



on temperature below 150 K, either. This is remarkable 
because the ohmic conductivity, ctq, changed about two 
orders of magnitude from 120 K to 160 K, as was already 
shown in Fig.^ This means that the conductivity in this 
temperature region was expressed by a formula. 
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where f{z) is a universal function of z. That is, a scal- 
ing relation holds between the nonlinear conductivity, 
a{E,T), and the ohmic conductivity, aQ{T). At higher 
temperatures of 200 K, the Joule-heating effect hindered 
detailed studies of the nonlinearity. However, it seems 
that the increase of the normalized conductivity becomes 
lessened. 

On the other hand, for the a-axis nonlinear conductiv- 
ity, the quantitative behavior is rather different. First, 
in the a direction, as shown in the inset of Fig. |31 the 
existence of the characteristic field, Eq , for the onset of 
nonlinear conduction is less clear. Within our resolution, 
the nonlinearity exists even at the lowest field. Second, 
there is no temperature region where the scaling relation 
holds. Such quantitative differences between the c-axis 
and a-axis suggest that the mechanism of the NLC is 
different between these two directions. 

For further comparison, we empirically express the 
differential-conductivity data using power laws as follows, 
since the nonlinearity is not so strong. 
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where £^g'^^ is the characteristic field for the onset of 
nonlinearity along the c-axis, (Tq is the conductivity at 
the lowest field in each direction, 7c, 7a are exponents, 
A{T) is an almost temperature-independent constant, 
and B(T) is a temperature-dependent constant. If we 
fit the data to these formulae, as is shown in the in- 
set of Fig. ^ we obtain the temperature dependence of 
the exponents, 7c and 7a, as shown in Fig. 0] (a), and 
those of A{T) and B{T), as shown in Fig. HI (b). As was 
anticipated, A(T) and 7a, and also 7a, did not depend 
on temperature, whereas B(T) depended on temperature 
strongly. 

FigureOshows the conductivity in the c-direction (lad- 
der direction) as a function of electric field for different 
Ca concentrations, x=l and a;=12. For the x=l sample, 
the basic features of the NLC are very similar to those 
in the a-direction of the x=0 sample. That is, the con- 
ductivity increase is large (more than 15~20 % at 100 K) 
without any definite threshold nor characteristic fields for 
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the NLC onset, and there was no sign of a scahng relation 
such as eqs. n] and 12 On the other hand, for the x=12 
sample, the conductivity remained field-independent up 
to 30 V/cm within a resolution of 0.3 %. 

The above results showed that the NLC was observed 
only in materials with a semiconducting (or insulating) 
ground state. Furthermore, the NLC in the ladder direc- 
tion of the X —0 material showed special behavior when 
compared with the data in the rung direction and with 
those from sarnples with different Ca contents. In the 
previous paper [g, we suggested that the NLC is due to 
the collective motion of some charge ordered state that 
also exhibited a sharp resonance in the microwave region. 
For the NLC due to the collective motion of the charge 
ordered state such as CDW, if the weak field conductiv- 
ity shows semiconducting temperature dependence, it has 
been knownj§] that the extra conductivity due to the col- 
lective motion of the condensate, Aacoi, is proportional 
to the quasiparticle conductivity (conductivity due to the 
uncondcnsed carrier), a^p, 

Affcoi oc aqp. (4) 

This is because the deformation of the density wave (DW) 
is screened by the uncondensed quasiparticles. The c-axis 
conductivity of the a;=0 sample was found to obey the 
scaling relation (eq. This is exactly what is described 
in eq. 0] Thus, as far as the c-axis NLC of the x=0 
material is concerned, this NLC is consistent with sliding 
conduction due to the charge ordered condensate. 

On the other hand, in the a-direction, the qualita- 
tively different behavior of the NLC suggest that the 
NLC in this direction is not due to the collective mo- 
tion of the charge ordered state. This suggests a strongly 
one-dimensional nature of the conduction due to the col- 
lective condensate. This is, again, consistent with the 
sliding motion of the charge ordered state such as the 
CDW in the x=0 material. 

The absence of the characteristic field, strong tempera- 
ture dependence of the prefactor, B{T), and the absence 
of the resonance in the microwave conductivity suggest 
that the NLC in the a direction is due to the hopping con- 
duction of uncondensed quasiparticles between the neigh- 
boring ladders. The power-law field dependence suggests 
delocalization by the electric field from the weakly local- 
ized state of the auasiparticles fl^ Hsf . 

Now, let us move on to the x=l material. The NLC of 
the x=l material in the c-direction is quite reminiscent 
of the a-axis NLC of the a;=0 material, and is probably 
caused by the delocalization of the quasiparticles by the 
electric field. This suggests that the charge ordered state 
showing the sliding conduction is characteristic of mate- 
rial with small carrier concentration, and is very fragile 
for carrier doping. Thus, it can be said that the collective 
mode is closely related to electron-electron correlation. 

Previously 8], we discussed that the characteristic field, 
Eq satisfied a relationship expected for the depinning of 



the CDW, 

e*ET ~ m*ujlX, (5) 

where e* and m* are the effective charge and the mass of 
the collective mode, Et is the threshold field of the NLC, 
and Wo is the pinning frequency of the collective mode, 
provided e*=e=1.6x 10^^^ C and m*=m=9.1 x 10^^^ kg. 
This suggests that the collective mode does not contain 
any lattice deformations as far as the charge dynamics 
are concerned. Therefore, we suggest that the collective 
mode responsible for the NLC in the ladder direction of 
the x—0 material is the charge-orderd state of the con- 
duction electrons, such as the WCfllj in one dimension. 

Formation of the WC has been considered in quantum 
Hall systems and He systems at an interface|l4L ilh. .16J . 
Both of them arc two dimensional systems, where the low 
density is essential to from the WC|ll[ll7l|. 

However, in quasi one-dimensional systems, it has been 
suggested theoretically ,1SJ that the long-range nature of 
the Coulomb interaction always leads to a very slow de- 
cay of the 4fcj7 (kp is Fermi wave number) components 
of the density-density correlation function of the elec- 
trons, suggesting the stabilization of the WC {4kp-CDW) 
across a wide range of material parameters. 

As for the dynamics in the ordered state, the sliding 
motion of the WC was considered theoretically in one 
dimension' 18*1 and in two dimensions'!^, and exper- 
imentally only in two dimensionsj^ ,2^^, i2L> 22., .23, 2j, 
Esf . If the NLC reported here is due to the WC, this is 
the first example of the sliding conduction of the WC in 
one-dimensional systems. 

Another possible candidate for the charge ordered state 
is the ordered state on the Cu02 chain. Indeed, the ex- 
istence of the superstructure at low temperatures on the 
chains was reported in neutronji^l and X-rayHl] exper- 
iments. 

In conclusion, the NLC of the two-leg spin ladder, 
Sri4_:rCaa;Cu2404i, was investigated for the x=0, 1 and 
12 materials. Although insulating materials (x=0 and 1) 
exibited the NLC both in the ladder- and rung directions, 
the NLC in the ladder direction of the a;=0-material was 
found to be very special. We considered this to be due to 
the sliding motion of the charge ordered state, which was 
responsible for the resonance at microwave frequencies. 
We discussed possible candidates for the charge ordered 
state responsible for the NLC, including Wigner crystal 
in quasi one dimension {4kp-CUW). 
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FIG. 1; Low field ohmic dc conductivity, cro, as a function of 
temperature for a::=0, 1, and 12 samples. 
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FIG. 2; Normalized chordal conductivity of the x—0 material 
as a function of electric field at various temperatures, (a) c 
(ladder) direction (b) a (rung) direction. The inset shows 
the differential conductivity, cr' = ^ at the corresponding 
temperatures. Horizontal dashed lines are guides for eye to 
show the ohms's law. 
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FIG. 3: The characteristic field, Eo, for the NLC onset as a 
function of temperature. Dashed fines are guides for eye. The 
inset shows how Eo was derived, where the a-axis data were 
also shown. 
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FIG. 4: Exponents and the proportional constants appeared 
in eqs. [3 and El The inset shows the raw condeuctivity data 
fitted by these equations. 
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FIG. 5: C-axis chordal conductivity as a function of electric 
field in the x—1 and x—12 materials. 



